Abstract. We developed a DNA assay for bloodmeal identification in haematophagous insects. Specific host cytochrome B gene sequences were amplified by PCR and classified on the basis of h e i r mobility in a heteroduplex assay..In the blackfly Simulium damnosum s. l. (Diptera: Simuliidae), human cytochrome B DNA sequences were identifiable up to 3days following ingestion of the bloodmeal. In the tsetse Glossina palpalis (Diptera: Glossinidae) collected from tsetse traps in Ivory Coast, bloodmeals were identified as taken from domestic pigs un the basis of their heteroduplex pattern and DNA sequence. Evidently the cytochrome B sequence shows sufficient interspëo-ic variation to distinguish between mammalian host samples, while exhibiting minimal intraspecific variation. The stability of DNA in bloodmeals, for several days post-ingestion by haematophagous insects, allows PCR-HDA assays to be used reliably for host identification. ,
Introduction
developed a method to identify bloodmeals ín the tick Ixodes ricinus (L.) (Acari: Ixodidae) based upon polymerase chaia Identification of the bloodmeal taken by a haematophagous reaction (PCR) amplification of a 638-bp fragment of the insect provides information on host preferences under natural cytochrome B (cytB) gene encoded in the host vertebTate conditions. The anthropophilic index (percentage feeding on mitochondrion. Based upon a combination of restriction humans) is a vital component of vectorial capacity, while fragment length polymorphism (RE%P) and hybridization knowledge of other hosts reveals the relative importance of analysis, they used cy@ PCR products to classify the tick réservoirs of vector-bome zoonotic or enzootic infections.
bloodmeal to the genus level. RFLP and hybridization Contemporary procedures for bloodmeal identification are analyses, however, are cumbersome when analysing large generally based upon the detection of host antigens by the numbers of samples.
complement fixation test (Staak et aL, 1981) or by enzymeHeteroduplex analysis (€IDA) is a simple and powerful linked immunoabsorbant assays (ELISA), using polyclonal method of detecting small differences between closely related antibodies raised against blood components from potential host DNA sequences (Tang & Unnasch, 1995) . The PCR amplified vertebrates (Chow etal., 1993) . This method, however, DNA to be classified (the sample) is mixed with a closely requires the preparation of immune sera against the blood of related probe sequence (the heteroduplex driver), the DNA each potential host species, a difficult and laborious process.
products denatured and allowed to re-anneal. This results in the Pre-adsorption steps are also needed , to eliminate cross formation of four products, consisting of: two homoduplexes reactions when using this technique (Hunter & Bayly, 1991) .
resulting from the re-annealing of the completely complemenAnalysis of DNA sequences of the host species (Gokool tary DNA strands to one another; and two heteroduplex etal., 1993) can provide a more specific approach than the molecules formed from annealing a DNA strand derived from serological methods. For example, Kirstein 62 Gray (1996) the heteroduplex driver with the complementary strand derived from the sample. Heteroduplex molecules can be separated We found it possible to a m p w host-specific cytB sequences present in the bloodmeals of medically-important Dipteran insects. Here we present a method to determine the host bloodmeal origin, based on the mobility of cytB heteroduplex products in an HDA. The utility of this method is demonstrated by the identification of bloodmeals from AfxotropisaE-bl itulium (Ewardsellum) damnQsum Theobald CO tera: Siuliidae) and wildcaught tsetse, Glossina palpalis Robmeau-Desvoidy (Diptera: . Glossinidae).
Materials and Methods

Specimens
Tissue and blood samples for use in the production of HDA standards were obtained from Abidjan Glossim palpalis tsetse were obtained from tsetse traps set near the village of Sinfara (6"37'N, 5O54'E) in the Ivory Coast. Simulium damnosum s.1. larvae were obtained from the NZí river, near Fétélao (6"38'N, 4"42'E), Ivory Coast, and reared to adulthood by the system of Raybould etal. (1982) . Young adult nulliparous female blackflies were collected from the rearing system, allowed to take a bloodmeal from a human volunteer and kept separately at ambient temperature (25-38°C) for up to 5 days.
DNA extraction
DNA extraction from whole blood-fed flies and from vertebrate samples followed the procedure of Steiner etal. (1995) . Blood and tissue samples were disrupted by mechanical homogenization in a buffer containing 10" Tris-HC1 (pH8.0) 3 1 2 . 5~ EDTA, 1% (w/v) sodium lauryl sarcosine and 1% polyvinylpyrollidone. Approximately 15 Cl J-of buffer PCR-HDA identijkation of bloodmeals in Diptera 283 was used per 1 mg of tissue. The homogenates were heated to 90°C for 20 min and chilled on ice for 5 min. Samples were subjected to centrifugation at 13000g for 5% at room temperature. w e supernatant was removed and +luted 20-fold PCR amplifications were undertakewin 25 pl of a solutión containing IOW Tris-HC1 (pH8.3 at 25°C) 5 0 m KCl, 1 S m~ MgC12, 0.001% gelatin 200p.1~1 dATP, dCTP, dGTP and Tl'P, 0 . 5~ each primer, 1 unit of AmpliTaq DNA polymerase (Perkin Elmer, Branchburg, NJ, U.S.A.) and 2.5 pl of the DNA template solution, prepared as ,described above. The sequence of primers used in the PCR was as follows: 5' CCCCTCAGAATGATAlTTGTCCTCA 3' and 5 ' CCATCCAACATCTCAGCATGATGAAA 3' . Reactions began by incubation at 95°C for 3.5 min, followed by 36 cycles comprising 30 s at %OC, 50 s at 60°C and 40 s at 72°C. The reaction was completed by incubation at 72°C for 5 min Heteroduplex analysis @DA) of PCR products used equal volumes (4pl) of the sample and driver (water buffalo) PCR products mixed with 8 pl TE and overlaid with 10 pl of mineral oil. The mixture was denatured for 2min at 98°C and heteroduplex products were allowed to form by slow cooling to room temperature over a period of 30 min. An aliquot (14 pl) of each heteroduplex solution was mixed with 6p.l loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol). A total of 10 ~1 of this mixture was loaded onto a 5% polyacrylamide/urea gel ( 
Results
In order to develop a PCR-based assay to identify bloodmeals in haematophagous Diptera, it was fust necessary to identify PCR conditions capable of amplifying DNA from the bloodmeal in the presence of relatively large amounts of insect DNA. Furthermore, it was necessary to identify a sequence sufficiently divergent to distinguish between different host species, but conserved enough for unambiguous identification of each potential host species. Previous studies had revealed that the cytB gene might meet these criteria (Kocher etal., 1989; Bartlett & Davidson, 1992 ). Thus we sought PCR conditions for amplification of vertebrate cytB sequences, but not cytB of insects. As described in the Materials and Methods section,' we established PCR conditions to amplify cytB sequences from both mammals and birds, without amplifying the corresponding gene from insect genera representing three important families of haematophagous Diptera, i.e. Culex, Glossina or Simulium (Fig. 1) .
When DNA was prepared from extracts of human blood-fed Simulium damnosum s.1. and used as a template in the PCR amplification reaction, human DNA was identified in the specimens processed up to 72 h postingestion of the bloodmeal (Fig.2) , but no signal was detected in flies kept for longer periods under local conditions of 35°C and 80% r.h.
When potential drivers were tested against cytB PCR products derived from different vertebrate species, the cytB PCR product from water buffalo was more versatile than those derived from chicken, chimpanzee, human and pig cytB PCR products. When tested against itself, as expected, the water buffalo PCR product produced only a homoduplex band (lane 4, Fig. 3 ). AU vertebrate species tested produced HDA pattems readily distinguishable from each other. The PCR product derived from domestic cattle gave a heteroduplex product with the fastest mobility (lane 3, Fig. 3) while those from chicken gave products with the slowest mobility relative to the homoduplex (lane 1, Fig.3 ). This is consistent with the expectation that electrophoretic retardation of any heteroduplex product is proportional to the genetic distance between the driver and sample species (Delwart etal., 1994; Tang & Unnasch, 1997).
HDA is an extremely sensitive method for detecting minor sequence differences (Tang & Unnasch, 1995) and it is well known that intraspecific sequence variation exists in the mitochondrial genome of many Örganisms, including humans (Cann et al., 1984) . Such intraspecific variation, if sufficiently large, might interfere with the interpretation of results obtained itl the HDA'assay described above. To determine if this was the case, DNA from two or more individuals of three species of potential host animals was examined for intraspecific variation in the HDA. No intraspecific variation (data not shown) was seen in the cytB HDA from cattle (n = 2, from Africa and North America), water buffalo (n = 2) and pigs (n = 7).
In contrast, some intraspecific variation. was noted for human samples tested in the cytB HDA. Of 368 individuals from five ethnic groups (Africans, African Americans, Asians, European and North American Caucasians) tested in the cytB HDA, 96% (354) gave cytB products that were indistinguishable in the HDA. In the remaining 14 individuals, minor variations in mobility of the cytB products were detectable (Fig.4) . This variation was insufficient to interfere with the correct identification of the sample as human derived (Fig. 4 ) .
To confirm the utility of the HDA for identification of bloodmeals, DNA was extracted from two female S. damnosum Fig.2 Coast. In the cytB PCR, both of the blacktlies and three of the tsetse produced detectable PCR products that were then classified using the HDA assay. As expected, both blackfly specimens gave heteroduplex patterns corresponding to human DNA, whereas the three tsetse bloodmeals gave PCR products identical in mobility to those obtained from domestic pig DNA (Fig.5) . To c o n h the identity of these tsetse hosts, the remaining PCR products from the three tsetse bloodmeals were su6jected to DNA sequence analysis. The DNA sequence obtained from the bloodmeal PCR products was found to match that of the pig cy@ gene sequence deposited in the Genbank sequence database (Accession number X56295), confirming the HDA identification.
.
Discussion
The results presented above demonstrate that it is possible to use vertebrate-specific PCR primers to amplify DNA present in a bloodmeal from haematophagous Diptera. Furthermore, the identity of the bloodmeal Can be established by subsequent analysis of the PCR product using HDA. The PCR-HDA assay is. somewhat more complicated to apply than is the case for ELISA-based assays (e.g. Chow et al. 1993) to identify bloodmeals in field-collected insects. PCR HDA, however, has some advantages over PLISA. First, in order to unambiguously identify a given bloodmeal with ELISA it is necessary to produce polyclonal antisera against the blood of the host in question. Second, it is also often necessary fo carry out preabsorption steps against the blood antigens of other species before the specificity of the antibody reagent can be ensured, Third, it is necessary to test the specimen with antisera produced against all potential hosts in order to unambiguously identify the bloodmeal. In some cases, this is simply impossible, given that the supply of antigen obtained from a given insect specimen may be limited. Finally, it may not be Fig.3 . HDA analysis of cytB PCR products from different species. HDA was canied out using a PCR product derived from water buffalo as a heteroduplex driver. Lane l=chicken; Lane 2=domestic pig; Lane 3 = domestic cow; Lane 4 = water buffalo; Lane 5 =gazelle; Lane 6 =human; Lane 7 =cotton rat; Lane 8 =mouse. In contrast to the ELISA-based method, the HDA-PCRbased method relies upon the mobility of the heteroduplex molecule formed by hybridizing sample and driver PCR products to give the identification. Thus, with an optimized heteroduplex driver and a collection of reference DNA samples, it is possible to identify the bloodmeal using a single assay. Furthermore, bloodmeals for which standards are not available will be detected in the HDA, because they will produce heteroduplex products with novel mobilities. The identity of products producing novel HDA patterns can be further analysed by DNA sequence analysis. In many cases, a comparison of the resulting DNA sequence to others deposited in the DNA sequence databases should allow one to identify the,source of the bloodmeal unambiguously. This approach has proved useful in the identification of meats in agricultural PCR-HDA identijcution of bloodmeals in Diptera 285 Fig.4 . Intraspecific variation of human cytl3 PCR products as detected by €€DA carried out as described i n Materials and Methods. Lanes marked with an X indicate individuals with HDA pattern that differed from the most common allele (samples in unmarked lanes).
Q 1999 Blackwell Science Ltd, Medical and Veterinary Entomology, 13, 282-287 studies (Bartlett & Davidson, 1992; Forrest & Carnegie, 1994) . If a complete match to the unknown DNA sequence is not present in the databases, the sequence data may be subjected to phylogenetic analyses. This will identify the species most closely related to the u h o w n sample, providing important clues to its true identity. The identity of the bloodmeal can then be conhned by obtaining a small DNA sample €Tom the most likely hosts, as inferred from the phylogenetic analysis. Once a given bloodmeal is identified, the PCR product can be used to generate a new reference sample>for the PCR IDA.
HDA is a very sensitive method of detecting minor sequence differences (Tang & Unnasch, 1995) , so the assay could be compromised by intraspecific polymorphisms. To minimize the likelihood of this occumng, the cytB gene was targeted in the PCR-IDA, because it represents one of the more conserved portions of the mitochondrial genome (Cam etul., 1984) . We also examined the degree of intraspecific polymorphism within the cytB fragment in four species, as detected by the PCR HDA assay. We found no intraspecific polymorphisms detectable by HDA in the small number of pigs, domestic cattle and water buffalo samples tested. Furthermore, among > 350 humans, 96% were found to contain a single cytB allele as determined by HDA. In the remaining 4%, some intraspecific variation was detected, but these resulted in very minor shifts in the mobility of the heteroduplex products, insufficient to preclude the correct identification of the product as human derived. Thus, the HDA detected a limited level of intraspecific heterogeneity that does not compromise the assay itself.
Some segments of the mitochondrial genome of humans do contain significant levels of intraspecific variation. This is particularly true of the control or D loop domain, which is sufficiently hypervariable to be useful for the identification of individual humans in forensic studies (Stoneking et al., 1991; Alonso etal., 1996; Butler & Levin, 1998) . The demonstration that it is possible to amplify a portion of the cytJ3 gene from human-derived bloodmeals suggests that it may be possible to amplify more variable segments of the human mitochondrial genome from the bloodmeal as well. If this is the case, it may be possible to assign the source of a given bloodmeal io a particular individual, or family group. This may be useful in microepidemiological studies addressing the dispersion of haematophagous insects following bloodmeal uptake under natural conditions.
As a first test of the PCR-HDA to identify bloodmeals from field-collected insects, we amplified and characterized the DNA present in the bloodmeals of three wild-caught tsetse flies. Each contained blood identified by HDA as derived from domestic pig, confirmed by direct sequence analysis. This finding was in accordance with previous studies employing an ELISA-based assay to identify bloodmeals of G. palpalis (Staak etal., 1986) . In this study, the majority of bloodmeals from G. palpalis collected in the Ivory Coast were classified as derived from pigs. Our results support the conclusion from this previous study that pigs are a common host of G. palpalis under natural conditions.
Results presented above indicate that a bloodmeal is detectable using the cytJ3 PCR assay for a period of up to 72 h following ingestion by S. damnosum s.L, sufficient to allow the PCR-based assay to be used to study the feeding preferences of wild-caught Simulium females. Previous studies have shown that a large proportion of S. damnosum s.1. females oviposit and begin searching for the next bloodmeal within 72 h after the previous bloodmeal (Thompson, 1976) . The period during which we were able to identify 'the bloodmeal in Afrîcan S. 
